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The ability to create and maintain a specialized organelle that supports bacterial replication is an important
virulence property for many intracellular pathogens. Living in a membrane-bound vacuole presents inherent
challenges, including the need to remodel a plasma membrane-derived organelle into a novel structure that
will expand and provide essential nutrients to support replication, while also having the vacuole avoid mem-
brane transport pathways that target bacteria for destruction in lysosomes. It is clear that pathogenic bacte-
ria use different strategies to accomplish these tasks. The dynamics by which host Rab GTPases associate
with pathogen-occupied vacuoles provide insight into the mechanisms used by different bacteria to manip-
ulate host membrane transport. In this review we highlight some of the strategies bacteria use to maintain a
pathogen-occupied vacuole by focusing on the Rab proteins involved in biogenesis and maintenance of
these novel organelles.Membrane transport pathways play fundamental roles in pro-
moting homeostasis in simple unicellular and complex multicel-
lular organisms. Membrane transport pathways are used to
obtain extracellular nutrients and to transport cargo, including
proteins and lipids, through the cell (Hutagalung and Novick,
2011). These activities ultimately regulate metabolism, signaling,
immunity, and interactions with the extracellular environment.
These essential tasks are accomplished via the rapid bidirec-
tional movement of vesicle-bound cargo along the cytoskeletal
tracks traversing the cell (Anitei and Hoflack, 2012).
Membrane-bound organelles such as the endoplasmic reticu-
lum (ER), Golgi apparatus, plasma membrane, lysosomes, and
endosomal vesicles are used to sort and transport cargo through
the cell (Figure 1). Subcellular vesicular traffic can be subdivided
into the two general categories of endocytic and secretory trans-
port. The secretory pathway promotes anterograde movement
of membrane-bound cargo from the ER to distal subcellular
compartments and for secretion outside of the cell. Conversely,
the endocytic pathwaymoves cargo from the cell membrane and
endosomes toward lysosomes. Additionally, cells are equipped
with the ability to recycle membranes and cargo between organ-
elles in the endocytic and secretory pathway.
A membrane-bound organelle or transport vesicle typically
has a distinct cellular function that is dictated by proteins asso-
ciated with a particular compartment. When phagocytic cells
internalize a nonpathogenic organism, the plasma membrane
contributes to formation of a phagosome that matures by
sequential interactions with endocytic organelles (Fairn and
Grinstein, 2012). Phagosome transport eventually leads to the
delivery of internalized bacteria to a lysosome, where the organ-
ism is typically destroyed by the hydrolytic environment inside
this degradative organelle. However, several pathogenic organ-
isms have evolved mechanisms to evade lysosomal fusion and
promote intracellular survival. In this review we will highlight
some of the mechanisms pathogenic bacteria use to disrupt
the normal process of phagosome maturation, which enables256 Cell Host & Microbe 14, September 11, 2013 ª2013 Elsevier Incthem to create specialized compartments that promote survival
and replication. Of particular importance, and therefore the focus
of this review, is how pathogenic bacteria exploit the function of
Rab GTPases, which are membrane transport regulators that
play important roles in specific membrane transport pathways.
The Rab GTPase Cycle
Rab proteins comprise a superfamily of small GTPases that have
been identified throughout eukaryotes (Zerial and McBride,
2001). These highly conserved proteins play essential roles in
regulating many aspects of membrane traffic (Mizuno-Yamasaki
et al., 2012). Patterns of Rab association confer a signature that
can be used to identify subcellular organelles (Jean and Kiger,
2012). The activity of these GTPases is needed to promote the
recruitment of specific binding partners called Rab effector pro-
teins, which direct the sorting and transport of cargo between or-
ganelles (Novick and Zerial, 1997).
Rab proteins are molecular switches that cycle between an
active and inactive state. Rab function is dependent upon
whether the nucleotide GDP (inactive) or GTP (active) is bound
to the protein (Goody et al., 2005). The nucleotide-binding site
is flanked by two domains called the switch loops. GTP binding
induces a conformational change in the switch loops to expose
protein interaction regions that recruit Rab effector proteins
and also facilitates the binding of the carboxyl-terminal region
of the Rab protein to membranes (Pereira-Leal and Seabra,
2000). Accordingly, GTP-bound Rab proteins createmultiprotein
complexes on membranes, and these complexes provide direc-
tionality and specificity for membrane transport processes
(Stenmark, 2009).
The nucleotide-bound state of a Rab protein is determined by
the catalytic activity of Rab-specific guanine nucleotide ex-
change factors (GEFs) and GTPase activating proteins (GAPs).
GEFs catalyze Rab activation by promoting GDP for GTP
exchange on inactive proteins. Rab GTPases are inactivated
by GAPs, which catalyze the hydrolysis of GTP to GDP. The.
Figure 1. Common Rab Signatures
Displayed by Cellular Organelles
Rab proteins play key roles in regulating vesicle
traffic along the endocytic and secretory path-
ways. Localization of a subset of these Rab
GTPases (gray hexagons) and transport routes
(black arrows) are depicted. Early endosomal
vesicles display a Rab5 signature, and the asso-
ciation of other Rab proteins with this organelle
promotes sorting of cargo to a recycling pathway
or to late endosomes or to create other organelles
such as melanosomes. Acidified late endosomal
and lysosomal organelles display Rab7 and Rab9
and the proteins LAMP1 and CD63. Autophago-
somes that display LC3 and Rab24 fuse with
lysosomes to create degradative autolysosomes.
Rab1 and Rab2 are found on early secretory
vesicles in transit between the ER and Golgi.
Specific Rab signatures are also present on Golgi-
derived secretory vesicles.
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motes the removal of Rab proteins from membranes. Inactive
GDP-bound Rabs are extracted from membranes by a protein
called Rab GDP-dissociation inhibitor (GDI) (Cherfils and Ze-
ghouf, 2013).
Targeting of Rab GTPases to Subcellular Organelles
Membrane transport is a highly regulated yet dynamic process
that is essential for survival of all organisms. The fidelity by which
Rab proteins associate with target membranes is essential for
their role in maintaining membrane traffic in the endocytic and
secretory pathways (Pereira-Leal and Seabra, 2000) (Figure 1).
Rab proteins associate with membranes via lipid moieties
attached to carboxyl-terminal cysteine residues. Lipidation is
mediated posttranslationally by a Rab geranylgeranyl trans-
ferase (Calero et al., 2003). Soluble Rab proteins bound to GDI
can sample different membranes, and when the inactive protein
associates with a membrane-bound organelle that contains a
specific GEF, the activation of the Rab protein results in stable
association with the target membrane (Cherfils and Zeghouf,
2013). Active Rab proteins promote the association of Rab effec-
tors that direct transport and fusion of vesicles, but the effectors
recruited by a Rab GTPase can also include specific GAPs that
can deactivate the GTPase and GEFs that are required to recruit
other Rab GTPases to the organelle during maturation, which
establishes a specific Rab cascade (Mizuno-Yamasaki et al.,
2012). Thus, targeting and cycling of Rab GTPases to specific
organelles is tightly regulated through intrinsic properties of the
GTPase and the biochemical activities of GEFs and GAPs asso-
ciated with the organelle.
Subversion of Rab Proteins by Intracellular Pathogens
Pathogenic intracellular bacteria that reside in host-derived
vacuoles have evolved multiple survival strategies that take
advantage of membrane traffic by targeting and manipulatingCell Host & Microbe 14, SeRab proteins. Pathogens accomplish
this by secreting virulence factors that
generate vacuoles displaying Rab signa-
tures not typically found on phagosomes.
By manipulating host Rab proteins, path-ogens alter vacuole transport so that the phagosome in which
they reside either stalls in the endocytic pathway or is diverted
before the vacuole fuses with lysosomes. The signature of Rab
proteins on the pathogen-occupied vacuole provides clues
about how the compartment was generated and the cellular
organelles it resembles (Figure 2). This review will highlight
what is known about how some bacterial pathogens manipulate
traffic by regulating Rab signatures.
Manipulation of Rab Proteins by Legionella
Legionella pneumophila is a gram-negative, intracellular path-
ogen that was initially identified as the causative agent of an
outbreak of acute pneumonia in 1976 during an American Legion
convention, which led to the illness being called Legionnaires’
disease (Fraser et al., 1977). Legionella is ubiquitous in nature
and infects many different protozoa that inhabit fresh water
and soil environments. Human infections are usually the result
of inhalation of aerosolized water droplets contaminated with
Legionella. Alveolar macrophages in the lung internalize Legion-
ella by phagocytosis, which creates a vacuole containing the
bacteria (Horwitz, 1983a).
Early studies showed that the plasma membrane-derived
Legionella-containing vacuole (LCV) does not fuse with lyso-
somes (Horwitz, 1983b), indicating that this organelle avoids
maturation along the default endocytic pathway. Studies exam-
ining localization of the GTPases Rab5 and Rab7, which are
involved in the fusion of phagosomes with early endosomes
and late endosomes, respectively, indicate that these proteins
are not recruited to the LCV (Clemens et al., 2000; Roy et al.,
1998). Thus, the LCV rapidly avoids endocytic maturation. A
specialized type IV secretion system (T4SS) called Dot/Icm is
essential for Legionella to evade canonical endocytic maturation
(Segal et al., 2005). The Dot/Icm system delivers over 280
different bacterial proteins across the vacuole membrane into
the host cytosol. These Dot/Icm-translocated substrates, whichptember 11, 2013 ª2013 Elsevier Inc. 257
Figure 2. Rab Signatures Displayed by
Pathogen-Occupied Vacuoles
Rab signatures displayed by pathogen-occupied
vacuoles are depicted. The ER-like vacuoles
harboring Legionella (LCV) and Brucella (BCV) can
be differentiated based on Rab1 and Rab2 locali-
zation. The inclusion containing Chlamydia (CI)
displays Rab proteins found on early endocytic
organelles and on secretory organelles, suggest-
ing that this pathogen-occupied vacuole selec-
tively interacts with multiple host compartments.
Mycobacterium-containing vacuoles (MCV) have
a Rab signature consistent with maturation being
stalled at an early endosomal stage. Salmonella-
containing vacuoles (SCV) display a Rab signature
that indicates maturation being stalled at a late
endosomal stage. The destruction of Rab29,
Rab32, and Rab38 by the effector protein GtgE
eliminates these proteins from the SCV formed by
Typhimurium, but these Rab proteins are dis-
played by the SCV formed by Typhi due to the
absence of GtgE. The vacuole containing Coxiella
displays a Rab signature suggestive of both au-
tophagosomes and lysosomes interacting with
this compartment.
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controlling transport of the LCV and thus for establishing a
vacuole that supports bacterial replication (Ensminger and Is-
berg, 2009; Hubber and Roy, 2010; Luo, 2012; Segal, 2013).
Although the Dot/Icm system is essential for evasion of endo-
cytic maturation, the mechanism by which Legionella effector
proteins block phagosome maturation is less clear. Evasion of
endosomal maturation has been attributed to multiple Legionella
effector proteins that have the potential to regulate the activity
and localization of Rab proteins. An effector protein called
VipD (vacuolar protein sorting inhibitor protein D) displays activ-
ities that prevent endosomal maturation (Ku et al., 2012; Shohdy
et al., 2005). VipD has an amino-terminal lipase domain and a
novel carboxyl-terminal domain that prevents the maturation of
endosomes when the protein is produced ectopically in either
yeast or mammalian cells. VipD localizes to early endosomal
vesicles and binds to both Rab5 and Rab22. Structural studies
indicate that the C-terminal domain of VipD forms a complex
with GTP-bound Rab5 and Rab22 (Ku et al., 2012). VipD binding
to Rab5 and Rab22 prevents these GTPases from interacting
with cognate cellular Rab effectors such as Rabaptin-5 and
EEA1 (Table 1). Thus, VipD prevents the functioning of Rab
GTPases that are required for early endosomal maturation
events, which indicates that VipD-mediated inhibition of Rab
function could be a mechanism that enables the LCV to avoid
endocytic maturation.
Shortly after Legionella are internalized, the vacuole begins to
recruit small GTPases involved in regulating the transport and
fusion of secretory vesicles (Figure 3). The host GTPases Rab1
and Arf (ADP-ribosylation factor) are both found associated
with the LCV within the first hour of infection (Derre´ and Isberg,
2004; Kagan and Roy, 2002; Kagan et al., 2004). Arf is recruited
to the vacuole membrane by a Legionella effector protein called
RalF, which is a GEF that is evolutionarily related to the Sec7
family of ARF-GEF proteins found in eukaryotic organisms (Na-
gai et al., 2002). By contrast, the recruitment of Rab1 to the258 Cell Host & Microbe 14, September 11, 2013 ª2013 Elsevier IncLCV is mediated by the effector protein called DrrA (SidM), which
is a bacterial Rab1GEF that has no homology to eukaryotic GEFs
(Machner and Isberg, 2006; Murata et al., 2006). DrrA contains
a PI4P binding region that is important for localization of the pro-
tein to the cytoplasmic surface of the LCV after being translo-
cated into host cells during infection (Brombacher et al., 2009).
The central region of DrrA contains a GEF domain that displays
a high binding affinity for Rab1 proteins in their inactive GDP-
bound state. Binding of DrrA to Rab1 induces a conformational
change in the switch loops that results in the release of GDP
and promotes GTP loading (Schoebel et al., 2009; Suh et al.,
2010; Zhu et al., 2010). Thus, the localization of DrrA to the
LCV in conjunction with its potent Rab1 GEF activity is sufficient
to recruit Rab1 to the pathogen-occupied vacuole (Table 1).
Activated Rab1 mediates the tethering and fusion of vesicles
derived from the ER with the LCV. The mechanism by which
fusion occurs involves noncanonical pairing of plasma mem-
brane-localized SNARE proteins, which include syntaxins 2, 3,
and 4, with the SNARE protein Sec22b localized on vesicles
derived from the ER (Arasaki et al., 2012). This tethering reaction
can be enhanced through the direct binding of the Legionella
effector called LidA to the LCV-localized Rab1 (Machner and
Isberg, 2006) (Table 1). Data from professional antigen-present-
ing cells, such as macrophages and dendritic cells, indicate that
ER-derived vesicles may also fuse with phagosomes containing
nonpathogenic microbes or inert objects such as latex beads by
a mechanism that also involves noncanonical pairing of these
SNARE proteins (Cebrian et al., 2011). Thus, Legionella subver-
sion of Rab1 function may robustly stimulate an endogenous
membrane transport pathway between the ER and phago-
somes, providing an example of how studying Rab manipulation
by intracellular pathogens can lead to a better understanding of
eukaryotic cell biology. However, this transport pathway is not
well understood, and further cell biological interrogations in the
context of bacterial manipulation of Rab1 function could shed
light on this process..
Table 1. Bacterial Effectors that Target Host Rab GTPase
L. pneumophila effectors Rab GTPase Target Role during infection
VipD Rab5, Rab22 Prevents endosomal maturation by inhibiting association of
host Rab5 GTPase effectors such as Rabaptin5 and EEA1.
DrrA (SidM) Rab1 (GEF), Rab1 (AMP), Rab3a (AMP),
Rab4b (AMP), Rab6a (AMP), Rab8a (AMP),
Rab11a (AMP), Rab13 (AMP), Rab14 (AMP),
Rab35 (AMP), Rab27 (AMP)
Promotes Rab1 activation and retention on the surface of the
LCV. The GEF domain specifically catalyzes Rab1 activation
at the LCV surface. The N-terminal domain catalyzes
AMPylation of multiple Rab GTPases in vitro, and AMPylation
of Rab1 on the LCV prevents deactivation by specific GAPs.
LidA Rab1, Rab6, Rab8 Legionella supereffector that binds multiple Rab GTPases.
Enhances vesicle tethering and fusion via noncanonical
SNARE paring of plasma membrane SNAREs syntaxin 2, 3, 4
with ER-derived SNARE Sec22b.
AnkX Rab1, Rab35 Catalyzes posttranslational addition of a PC moiety to Rab1
family GTPases to prevent binding of host effectors and
deactivation by GAPs.
SidD Rab1-AMP Functions as a Rab1 de-AMPylase that removes AMP
moieties from LCV localized Rab1, which renders the
protein susceptible to deactivation by GAPs.
Lem3 Rab1-PC Reverses the activity of AnkX by removal of PC from the switch
II loop of Rab1, which renders the protein susceptible to
deactivation by GAPs
LepB Rab1 Rab1 GAP that catalyzes inactivation through GTP hydrolysis
and promotes its subsequent removal from the LCV.
Brucella Sp. effectors Rab GTPase Target Role during infection
RicA Rab2 Interacts with Rab2-GDP and is required for Rab2 recruitment
to the BCV membrane. RicA does not appear to have GEF
activity.
Chlamydia Sp. effectors Rab GTPase Target Role during infection
CT229 (C. trachomatis) Rab4a Interacts with and plays a role in recruiting Rab4a to the
inclusion body.
Cpn0585 (C. pneumoniae) Rab1, Rab10, Rab11 Interacts with Rab1, Rab10, and Rab11 and is required for
modulating Rab dynamics during infection.
S. enterica effectors Rab GTPase Target Role during infection
SopB Rab5, Rab8B, Rab8, Rab13, Rab23, Rab35 Delays endocytic maturation by consuming PIP2. Promotes
retention of Rab5 and Rab5-associated host effectors at the
SCV by enhancing the accumulation of PI(3)P on the SCV
membrane.
SifA Rab9 Forms a complex with SKIP at the SCV, where it actively
recruits and retains Rab9 at the membrane. Retention of Rab9
at the SCV also prevents acquisition of hydrolytic enzymes
from the lysosome.
GtgE (S. enterica
Typhimurium)
Rab29, Rab32, Rab38 Cleaves Rab29 and prevents export of cargo from
late-endocytic organelles such as the SCV. Eliminates host
restriction by interfering with biogenesis of lysosome-related
organelles.
Bacterial pathogens secrete effectors that have functional roles in promoting intracellular survival during infection. This table outlines bacterial effec-
tors that are known to manipulate the function of host Rab GTPases.
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reflected in the large number of dedicated effector proteins that
have evolved for the manipulation of this GTPase (Figures 2 and
3). In addition to having a mechanism to recruit and activate
Rab1 on the LCV, Legionella has the ability to retain this protein
on the vacuole membrane by posttranslationally modifying resi-
dues located in the switch II loop of Rab1 to prevent inactivation
by Rab1-specific GAPs (Mukherjee et al., 2011; Mu¨ller et al.,
2010). The amino-terminal region of DrrA, which was initially
identified as having an activity that is toxic to eukaryotic cellsCeand that interferes with the binding of GDI to Rab1 (Murata
et al., 2006), was shown by structural and biochemical studies
to function as a nucleotidyltransferase that covalently attaches
an AMP moiety onto a conserved tyrosine residue of Rab1 using
ATP as a substrate (Figure 3, Table 1) (Mu¨ller et al., 2010). This
adenylylation reaction has been termed AMPylation (Yarbrough
and Orth, 2009).
The Legionella effector protein called AnkX, which was initially
identified as a protein that could mediate fragmentation of the
Golgi apparatus (Pan et al., 2008b), independently modifiesll Host & Microbe 14, September 11, 2013 ª2013 Elsevier Inc. 259
Figure 3. A Cascade of Legionella Effectors
Controls Rab1 Localization to the LCV
A model proposing a sequence of activities
mediated by Legionella effectors that control
the cycling of Rab1 on the pathogen-occupied
vacuole. Depicted are five different Legionella
effector proteins that target Rab1 (DrrA, AnkX,
SidD, Lem3, LepB), which are delivered into
host cells by the Dot/Icm secretion system
(T4SS). The effector protein DrrA is a GEF that
recruits Rab1 to the LCVmembrane by stimulating
the exchange of GDP for GTP, which dissociates
the chaperone protein RabGDI. Rab1-GTP is
modified by the AMPylation domain of DrrA or
the PCylation domain of AnkX. The active Rab1
protein in association with a tethering factor
recruits ER-derived vesicles that fuse with the
LCV. The demodifying enzymes SidD and Lem3
remove AMP and PC from Rab1. The unmodified
Rab1 protein is susceptible to the GAP activity
of LepB, which stimulates GTP hydrolysis.
RabGDI removes Rab1-GDP from the LCV
membrane.
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a serine residue in the switch II loop of Rab1 that is adjacent to
the tyrosine residue that is targeted for AMPylation (Figure 3,
Table 1) (Mukherjee et al., 2011). AnkX contains a FIC domain
that is essential for biological activity (Mukherjee et al., 2011).
Other bacterial proteins containing FIC domains function as
AMPylating enzymes capable of modifying eukaryotic host pro-
teins (Yarbrough and Orth, 2009). The substrate CDP-choline is
used by AnkX for PCylation, and structural studies have shown
that CDP-choline binds in that opposite orientation to the active
site formed by the FIC residues compared to the orientation of
ATP binding to other FIC domain proteins (Campanacci et al.,
2013). Thus, the phosphoryl transfer reaction carried out by
the catalytic residues in the FIC domain of AnkX transfers PC
to Rab1 and releases CMP.
Both AMPylated and PCylated Rab1 have been identified
from host lysates following Legionella infection; however, a
Rab1 protein containing both modifications has not been
observed, which suggests that the modifications are mutually
exclusive (Mukherjee et al., 2011). The modified Rab1 proteins
display reduced binding to cellular effectors and GAPs (Mukher-
jee et al., 2011; Mu¨ller et al., 2010), which explains why AnkX
or the AMPylation domain of DrrA disrupts host functions so
dramatically when expressed ectopically. Rab1-mediated teth-
ering and fusion of ER-derived vesicles with plasma mem-
brane-derived organelles does not appear to be sensitive to
AMPylation or PCylation of Rab1 (Arasaki and Roy, 2010).
Thus, the ability to modify Rab1 by either PCylation or AMPyla-
tion may serve two important functions. First, these modifica-
tions may serve to retain active Rab1 on the LCV membrane
by preventing deactivation by GAPs and dissociation by GDI.
Second, noncanonical fusion of ER-derived vesicles with a
plasma membrane-derived organelle may be enhanced by pre-
venting the association of host effectors that facilitate the bind-260 Cell Host & Microbe 14, September 11, 2013 ª2013 Elsevier Inc.ing and fusion of ER-derived vesicles
with the Golgi apparatus at the Rab1-
labeled LCV.Remarkably, Legionella also has the ability to remove post-
translational modifications to Rab1 that are mediated by AnkX
and DrrA (also see accompanying review by Salomon and
Orth, 2013). The effector protein SidD functions as a Rab1 de-
AMPylase (Neunuebel et al., 2011; Tan and Luo, 2011). SidD
has a catalytic domain that is structurally similar to metal-depen-
dent protein phosphatases (Figure 3, Table 1) (Chen et al., 2013).
The effector protein Lem3 functions as a Rab1 de-PCylase
(Figure 3, Table 1) (Tan et al., 2011). It is thought that these en-
zymes are important for temporal control over when Rab1 mod-
ifications are removed during infection; however, there remain
many unanswered questions as to when and where these en-
zymes function and as to their role during the infection process.
It is clear, however, that overproduction of SidD results in a
reduction in the association of Rab1 with the LCV (Chen et al.,
2013). This suggests that AMPylation could be important for
retention of Rab1 on the LCV and that the antagonistic activity
of SidD shortens the half-life of Rab1 on the LCV membrane.
Lastly, Legionella encodes an effector called LepB that func-
tions as a Rab1 GAP (Figure 3, Table 1) (Ingmundson et al.,
2007). This protein is structurally unrelated to eukaryotic GAPs.
However, LepB employs a mechanism similar to non-Rab
GAPs, where an arginine finger in the GAP functions together
with a conserved glutamine residue in the GTPase to catalyze
GTP hydrolysis (Mihai Gazdag et al., 2013; Yu et al., 2013). Inter-
estingly, most cellular RabGAPs are TBC (Tre-2/Bub2/Cdc16)-
domain-containing proteins and do not use the cis-glutamine
in the GTPase for activity, but this function is instead provided
in trans by a glutamine encoded by the GAP (Barr and Lambright,
2010). Thus, the LepB protein evolved to use a more classical
GTPase mechanism compared to host RabGAP proteins.
During infection, DrrA and Rab1 associate with the vacuole
during the first several hours of infection and then begin to cycle
off themembrane (Ingmundson et al., 2007). By contrast, LepB is
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tion but accumulates on the LCV as the vacuole matures into an
ER-like vacuole (Ingmundson et al., 2007). This suggests that
LepB, in conjunction with the Rab1-modifying enzymes, have
evolved to control the spatial and temporal dynamics of Rab1
on the LCV.
Although Legionella effector proteins that modulate Rab func-
tion have largely been characterized based on their robust activ-
ities toward Rab1, it is clear that they vary in terms of the diversity
of Rab proteins they affect. The GEF activity displayed by DrrA is
highly specific for Rab1 in vitro (Murata et al., 2006). This likely ex-
plains why other Rab proteins, including Rab1-related GTPases
such as Rab35, are not recruited to the vacuole by DrrA. The
AMPylation activity displayed by DrrA, however, is more promis-
cuous. Rab1, Rab3a, Rab4b, Rab6a, Rab8a, Rab11a, Rab13,
Rab14, Rab35, and Rab37 have all been shown to be substrates
for AMPylation in vitro (Mukherjee et al., 2011;Mu¨ller et al., 2010).
Likewise, LidA has been described as a ‘‘supereffector’’ that
can bind to multiple Rab proteins in vitro (Schoebel et al.,
2011). This raises the question of whether localization of the
effector proteins in vivo restricts activities that appear to be pro-
miscuous in vitro or if the role of some of these proteins is more
far-reaching than simply affecting the dynamics of Rab1.
Endosomal Divergence and ER-Subversion by Brucella
Gram-negative bacteria in the genus Brucella are intracellular
pathogens responsible for the zoonotic disease called brucel-
losis. Brucella are internalized by a wide range of cell types,
which include phagocytes, trophoblasts, and epithelial cells
(von Bargen et al., 2012). After uptake, bacterial cells reside
within aBrucella-containing vacuole (BCV). The BCV initially traf-
fics along the endocytic pathway and acquires Rab5, which is
important for vacuole transport and bacterial replication
(Figure 2) (Arenas et al., 2000; Chaves-Olarte et al., 2002; Pi-
zarro-Cerda´ et al., 1998). The BCV continues to mature along
the canonical endocytic pathway as indicated by the acquisition
proteins localized to late endosomes, such as LAMP1, CD63,
and Rab7. The Rab7 effector protein called Rab-interacting lyso-
some protein (RILP) is also recruited to the BCV, and interfering
with Rab7 function though production of a dominant-negative
Rab7 variant interferes with bacterial replication, which indicate
that Rab7-mediated maturation events are important for biogen-
esis of the BCV (Starr et al., 2008).
Transport of Brucella to an acidified late-endosomal compart-
ment provides an environment that activates expression of a
specialized type IVA secretion system called VirB (Boschiroli
et al., 2002; O’Callaghan et al., 1999). Brucella virB mutants
are unable to modify the late-endosomal vacuole into a special-
ized compartment that supports replication (Boschiroli et al.,
2002). Induction of the VirB system by Brucella correlates with
the loss of Rab7 and effectors associated with the late endoso-
mal compartment in which these bacteria reside. Morphological
studies indicate that the endoplasmic reticulum is involved in this
transition from a late-endosomal compartment to a vacuole that
supports replication (Starr et al., 2008). The vacuoles in which
replicating Brucella reside is derived from the ER and contains
both membrane-associated ER proteins such as calnexin and
proteins that reside in the lumen of the ER such as glucose
6-phosphatase (Celli et al., 2003).CeThere are similarities between the strategies used by Legion-
ella andBrucella to generate a vacuole that supports intracellular
replication, in that both bacteria occupy an ER-like compart-
ment, both require vesicle formation at ER-exit sites, and both
bacteria require a type IV secretion system to promote biogen-
esis of this specialized organelle (Celli et al., 2005; Kagan and
Roy, 2002). Brucella does not subvert the activity of Rab1 or
require Arf-dependent membrane transport between the ER
and Golgi; however, the host GTPase Rab2 is recruited to the
BCV (Fugier et al., 2009). Rab2 regulates the formation and
transport of COPI-coated vesicles from a pre-Golgi compart-
ment to the ER (Tisdale and Jackson, 1998).
Given that Rab2 is recruited to the BCV and that the VirB
system is important for creating an ER-derived vacuole that sup-
ports bacterial replication, it was predicted that there should be a
VirB-translocated substrate capable of modulating host Rab2. A
yeast two-hybrid screen identified a Brucella protein called RicA
as a Rab2-interacting protein (de Barsy et al., 2011). Consistent
with a role in modulating Rab2 function, the RicA protein is
secreted by Brucella and a ricA mutant displays a defect in
Rab2 recruitment to the BCV. The mechanism of RicA secretion
is not understood, but it does not appear to require the VirB
system for cytosolic delivery. In vitro studies indicate that RicA
binds preferentially to GDP-bound Rab2; however, RicA does
not have Rab2 GEF activity (de Barsy et al., 2011) (Table 1).
Structural studies indicate RicA is a protein in the LbH super-
family, which are proteins having three b sheets assembled in
a left-handed b helix structure (Nkengfac et al., 2012). Some
LbH proteins have enzymatic functions that include acetyltrans-
ferase and acyltransferase activities (Kostrewa et al., 2001;
Raetz and Roderick, 1995; Williams et al., 2006). This raises
the question of whether RicA modifies Rab2 by acetylation or
acylation during infection and whether these modifications alter
Rab2 function. Future studies aimed at understanding the
biochemical function of RicA should provide additional insight
into themechanisms bywhichBrucellamodulates Rab2 function
during infection.
Biogenesis of an Inclusion Containing Chlamydia
Chlamydia species comprise a large group of intracellular path-
ogens that can infect a wide variety of vertebrate hosts. In
humans, Chlamydia trachomatis infections are a common cause
of sexually transmitted disease, and ocular Chlamydia infections
are a major cause of blindness. Chlamydia are capable of repli-
cating in a variety of cell types, but the mucosal epithelium is
themost common site for replication during infection ofmamma-
lian hosts (Horn, 2008). The obligate intracellular lifestyle ofChla-
mydia and the lack of robust genetic approaches to generate
Chlamydia mutants limit the ability to identify and characterize
bacterial genes that are essential for virulence. However, cell
biological studies have elucidated host pathways used for
biogenesis of the specialized vacuole in whichChlamydia reside,
a structure called the ‘‘inclusion.’’
Chlamydia have a biphasic life cycle where the infectious form
of the organism is a metabolically inactive particle called the
elementary body (EB). Upon contact with host cells, the EB
begins to translocate a discrete subset of proteins into the
host cell using a type III secretion system (Valdivia, 2008). A pro-
tein called TARP is one of the early type III-secreted substratesll Host & Microbe 14, September 11, 2013 ª2013 Elsevier Inc. 261
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promotes internalization of the EB into cells that are normally
nonphagocytic (Jewett et al., 2006). TARP in conjunction with
other proteins translocated by the type III secretion system are
believed to control the early maturation events that transform
the ER-containing vacuole into the inclusion that supports
bacterial replication (Cortes et al., 2007; Rzomp et al., 2003).
Inclusion biogenesis correlates with a transition whereby EB
metabolism is activated and the bacterial cells mature into the
replicative form known as the reticulate body (RB) (Valdivia,
2008).
The inclusion membrane is unique in that it does not display a
host protein signature that is typical of other organelles in the cell
(Figure 2). Although initially derived from the host plasma
membrane, receptors and other host proteins found on the
plasma membrane or early endocytic vesicles are not enriched
on the inclusion. Likewise, the inclusion does not display a
pattern of receptors or cargo proteins that typify vesicles
residing in the secretory pathway (Fields and Hackstadt, 2002).
Several Rab GTPases, however, have been localized to the in-
clusion. The proteins Rab1, Rab4, Rab11, and Rab14 are found
associated with inclusions formed by many different species of
Chlamydia, whereas Rab6 appears to be recruited specifically
to inclusions containing C. trachomatis and Rab10 is found in
association with inclusions containing C. pneumoniae and
C. muridarum (Capmany and Damiani, 2010; Rzomp et al.,
2003, 2006). Consistent with data indicating these vacuoles do
not mature along a canonical endocytic pathway, the proteins
Rab5, Rab7, and Rab9 are not associated with inclusions con-
taining Chlamydia (Rzomp et al., 2003).
Although the inclusion is not a mimic of any host organelle, this
vacuole does receive host lipids and the membrane is stabilized
by the host cytoskeleton, which suggests that the inclusion has
the capacity to subvert cellular functions important for biogen-
esis of membrane-bound organelles (Derre´ et al., 2011; Elwell
et al., 2011). To better understand how Chlamydia modulates
membrane transport, genetic and biochemical studies have
focused on investigating interactions between Rab GTPases
and Chlamydia proteins localized to the inclusion membrane
(Inc proteins) that are delivered into host cells by a type III secre-
tion system. These studies revealed that a C. trachomatis Inc
protein called CT229 associates with Rab4A (Rzomp et al.,
2006). This suggests that CT229 is involved in the recruitment
of Rab4A to the inclusion; however, it was observed that species
of Chlamydia that do not encode a CT229 homolog were also
able to recruit Rab4A to their inclusions, suggesting there might
be additional bacterial proteins capable of subverting Rab4 func-
tion (Rzomp et al., 2003, 2006) (Table 1). Because Rab4 is nor-
mally involved in sorting cargo in early endosomal compart-
ments (van der Sluijs et al., 1992), it is attractive to speculate
that recruitment of Rab4 could facilitate early events important
for inclusion biogenesis; however, limited studies where function
was inhibited using interfering variants of Rab4 did not reveal dif-
ferences in inclusion biogenesis (Rzomp et al., 2006). Similar
studies using C. pneumoniae revealed interactions between
Rab1, Rab10, and Rab11 with the Inc protein Cpn0585 (Cortes
et al., 2007). Interestingly, a defect in development of
C. pneumoniae-containing inclusions was observed after infec-
tion of host cells overproducing the Rab-binding determinant262 Cell Host & Microbe 14, September 11, 2013 ª2013 Elsevier Incof Cpn0585, and this inclusion defect was suppressed when
an active variant of Rab11 was also overproduced in the host
cells (Cortes et al., 2007) (Table 1). Thus, these studies suggest
that Chlamydia Inc proteins are involved in modulation of Rab
dynamics on the inclusion membrane, and that Rab functions
are likely important for development of this organelle into a vac-
uole that supports replication.
Further evidence that Rab proteins are important for inclusion
biogenesis has come from gene silencing studies. In an early
genome-wide RNA-interference screen for host factors impor-
tant for replication of C. caviae in Drosophila S2 cells, it was
found that silencing of the genes encoding Rab5, Rab35, and
Rab11 resulted in a strong defect in proliferation (Derre´ et al.,
2007). An independent study using C. trachomatis to infect S2
cells found Rab1, Rab8, and Rab14 as being involved in replica-
tion (Elwell et al., 2008). RNA silencing has shown that Rab6A,
Rab11A, and Rab14 are important for C. trachomatis infection
of human HeLa cells and that these Rab GTPases facilitate the
transport of sphingolipids and cholesterol from vesicles trans-
iting between the Golgi and other cellular compartments
(Capmany and Damiani, 2010; Rejman Lipinski et al., 2009). In
support of this hypothesis, it was recently demonstrated that
the host Conserved Oligomeric Golgi (COG) complex, which
interacts with many of the Rab proteins localized to the inclusion
membrane, is also localized to the inclusion and facilitates the
binding and fusion of host vesicles with the inclusion membrane
(Pokrovskaya et al., 2012). Thus, Chlamydia proteins facilitate
interactions with multiple Rab proteins, and this could enable
the bacteria to regulate transport and fusion of specific host
vesicles with the inclusion membrane, which could be important
for expansion of the vacuole and the import of nutrients. Thus,
understanding how Rab manipulation by Chlamydia supports
inclusion biogenesis should provide insight into how these
GTPases coordinate the synthesis and transport of lipids on
cellular organelles.
Modulation of an Early Endosomal Compartment by
Mycobacteria
Mycobacterium tuberculosis is the causative agent of the human
disease tuberculosis, which results in an estimated 1.4 million
deaths annually (Glaziou et al., 2013). Upon entering the human
lung, bacterial cells are phagocytosed by alveolar macrophages
and establish residence within a specialized nondegradative
Mycobacterium-containing vacuole (MCV). In a seminal study
by the laboratory of Philip D’Arcy Hart, it was shown that viable
M. tuberculosis reside in a vacuole that does not fuse with lyso-
somes, which established the paradigm that bacterial pathogens
could occupy vacuoles that resist endocytic maturation (Goren
et al., 1976). An early study examining Rab5 and Rab7 localiza-
tion on the MCV indicated this block in phagosomal maturation
occurred at the early endosome to late endosome transition
(Perskvist et al., 2002; Via et al., 1997). Thus, the block in phag-
osome-lysosome fusion discovered by D’Arcy Hart represented
the ability of M. tuberculosis to stall endocytic maturation at an
early stage.
How Mycobacterium stalls endocytic maturation is likely due
to a combination of factors. The bacteria produce bioactive gly-
cophospholipids that are components of the bacterial cell wall.
Mannose-capped lipoarabinomannan (manLAM) has been.
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maturation at an early stage (Fratti et al., 2003). Released man-
LAM inserts in the phagosomemembrane and disrupts the activ-
ity of the VPS34 protein, which is a phosphatidylinositol 3-kinase
that generates phosphatidylinositol 3-phosphate on the phago-
some membrane (Fratti et al., 2003). Disrupting PI3P production
interferes with the recruitment of the Rab5 effector protein EEA1
and stalls endosomal maturation (Vieira et al., 2004). There is
also a lipid phosphatase produced by M. tuberculosis called
SapM that consumes PI3P to prevent vacuole maturation
(Vergne et al., 2005).
Rab proteins also appear to have a role in maintaining the
MCV. Both Rab22a and Rab14 are found associated with vacu-
oles containing live M. tuberculosis, and disrupting the function
of either Rab protein appears to be sufficient to stimulate endo-
cytic maturation of the MCV. Whereas Rab14 function appears
to be important for bringing new membranes and possibly nutri-
ents to the MCV to feed the intracellular bacteria, Rab22a func-
tion is needed to prevent a Rab5 to Rab7 conversion step on the
MCV that would enhance phagosome maturation (Kyei et al.,
2006; Roberts et al., 2006). Rab34 has recently been shown to
play a role in a Rab7-independent phagosome maturation
pathway that could target the MCV for fusion with lysosomes
(Kasmapour et al., 2012). A systematic analysis of Rab proteins
associated with theMCV supports a role for Rab34 and identifies
several other Rab GTPases, including Rab20, Rab22b, Rab32,
Rab38, and Rab43, that could be important in targeting intracel-
lular M. tuberculosis for degradation in lysosomes (Seto et al.,
2011). Thus, maintaining the MCV as an early endosome-like
organelle is a complex process that is mediated by the retention
and avoidance of a distinct subset of Rab GTPases. Because
normal cellular functions controlled by many of these Rab
proteins are not well understood, future studies aimed at
understanding the molecular mechanisms by which these Rab
proteins facilitate creation and maintenance of the MCV have
the potential to reveal novel membrane transport processes
that are regulated by these proteins.
Salmonella Modulation of Late Endosomal Dynamics
Salmonella enterica are gram-negative facultative intracellular
bacteria capable of infecting a wide variety of hosts. Most sero-
vars of S. enterica cause severe gastroenteritis in humans, most
often through ingestion of contaminated food. Typhoid fever is a
life-threatening systemic disease specific for humans that is
caused by S. enterica serovar Typhi (Edwards et al., 2002; Gal-
anis et al., 2006). Pathogenesis is related to the ability of Salmo-
nella to efficiently transcytose the gastric epithelia and gain
access to mucosal lymphoid tissue (Lyons et al., 2004). Bacterial
invasion and intracellular survival are mediated by two different
Salmonella type III secretion systems called Salmonella Patho-
genicity Island 1 (SPI-1) and Salmonella Pathogenicity Island 2
(SPI-2). Whereas SPI-1 is important for bacterial invasion of
nonphagocytic cells, intracellular survival and replication is coor-
dinated through the activities of both SPI-1 and SPI-2 (Gala´n,
2001).
The Salmonella-containing vacuole (SCV) is formed upon
either SPI-1-induced entry into nonphagocytic cells or phagocy-
tosis by macrophages (Patel and Gala´n, 2005). The SCV is
similar to a macropinosome, which is a spacious fluid-filledCevacuole formed by actin-dependent ruffling of plasma
membrane (Francis et al., 1993). Maturation pathways for mac-
ropinosomes and phagosomes are similar in that they are medi-
ated by the sequential activities of Rab5 and Rab7. Salmonella
proteins delivered into host cells by the SPI-1 system function
to delay the process of Rab5 to Rab7 conversion on the SCV
(Smith et al., 2007). The Salmonella protein SopB is one factor
important for this delay in endocytic maturation (Norris et al.,
1998). When delivered into host cells by the SPI-1 system, the
SopB protein remains localized to the vacuole membrane (Patel
et al., 2009). The phosphatidylinositol phosphatase activity of
SopB reduces membrane surface charge by consuming phos-
phatidylinositol-4,5-bisphosphate (PIP2) (Terebiznik et al.,
2002), and this contributes to a delay in vacuole maturation by
disrupting the association of additional host Rab proteins
involved in endocytic maturation, which include Rab8B,
Rab13, Rab23, and Rab35 (Bakowski et al., 2010) (Table 1).
Additionally, because SopB can consume phosphoryl groups
at the 4 and 5 position of the inositol ring, it is able to prevent
the accumulation of phosphatidylinositol-3,5-bisphosphate on
the SCV, which prolongs the association of Rab5 and Rab5-
associated effectors bymaintaining PI3P on the SCV (Hernandez
et al., 2004; Mallo et al., 2008).
Recent data suggest that Rab14 on the early SCV also exploits
elevated PI3P levels on the early SCV to recruit a Rab14-binding
protein called Nischarin, and that Nischarin promotesmaturation
of the SCV to amature Rab7-positive organelle (Kuijl et al., 2013).
The mature SCV has an acidic pH and contains late-endosomal
proteins such as LAMP-1, but does not contain hydrolytic en-
zymes that are enriched in lysosomes (Alpuche Aranda et al.,
1992; Garcia-del Portillo and Finlay, 1995). The SPI-2 system is
upregulated in the mature SCV and new Salmonella proteins
are delivered into host cells (Shea et al., 1996; Valdivia and Fal-
kow, 1997). These include SifA, which is a protein that will induce
formation of membrane filaments emanating from the SCV (Stein
et al., 1996). The filaments are formed by an interaction between
SifA and the kinesin-1 adaptor protein SKIP, which alters
kinesin-1-dependent dynamics on the SCV membrane to create
tubules (Boucrot et al., 2005). It remains unclear, however, if
SifA-induced membrane tubules have a specific function or if
they are an unintended manifestation of SifA-SKIP complex for-
mation. Recent evidence suggests that the SifA-SKIP complex
recruits Rab9 to the SCV (Table 1). Interestingly, the recruitment
of Rab9 to the SCV interferes with the ability of Rab9 to partici-
pate in retrograde transport of mannose 6-phosphate receptor
(MPR) to theGolgi apparatus, and this preventsMPR-dependent
transport of newly synthesized hydrolytic enzymes from the
Golgi apparatus to lysosomes (McGourty et al., 2012). Thus,
the primary function of SifA could be to modulate Rab9 function
by preventing the SCV from acquiring lysosomal enzymes that
would be potentially hazardous to Salmonella residing in this
compartment.
In contrast to broad-host serovars of Salmonella such as Ty-
phimurium, the human-adapted serovar Typhi produces an
exotoxin called typhoid toxin during residence in the late SCV.
Typhoid toxin traffics out of the SCV in specialized exocytic ves-
icles (Spano` et al., 2008). The protein Rab29 was found localized
to typhoid toxin-containing vesicles and also to vacuoles con-
taining Typhi, and Rab29 function was shown to be importantll Host & Microbe 14, September 11, 2013 ª2013 Elsevier Inc. 263
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(Spano` et al., 2011). Consistent with the fact that typhoid toxin
is not produced by broad-host serovars of Salmonella, vacuoles
containing Typhimurium do not display Rab29 (Figure 2) (Spano`
and Gala´n, 2012). The defect in Rab29 localization to vacuoles
containing Typhimurium is due to the activity of a protein called
GtgE, which is delivered into host cells by the Salmonella SPI-1
system. Biochemical studies on GtgE revealed this protein func-
tions as a cysteine protease that cleaves Rab29 and showed that
Rab29 associates with vacuoles containing Typhimurium gtgE
mutants (Spano` et al., 2011) (Table 1). Thus, these studies
indicate that Rab29 has a role in transporting cargo out of late-
endocytic organelles such as the SCV and demonstrate a novel
mechanism by which intracellular bacteria can inactivate Rab
proteins by targeting them for specific proteolysis.
Cleavage of Rab proteins by GtgE was shown to be specific
for a family of related GTPases that include Rab29, Rab32, and
Rab38 (Spano` and Gala´n, 2012). Whereas the function of
Rab29 is poorly understood, the proteins Rab32 and Rab38
are components of the biogenesis of lysosome-related organelle
complex (BLOC), which is needed for the formation of lysosome-
related organelles such as melanosomes (Bultema et al., 2012).
Interestingly, when the gtgE gene was added to Typhi, this
human-adapted serovar gained the ability to survive and
replicate in cells derived from mice, including macrophages.
Similarly, wild-type Typhi that lack gtgE survived in mouse
macrophages when Rab32 was silenced or in macrophages
derived from mice deficient in other components of the BLOC
machinery (Spano` and Gala´n, 2012). These data suggest that
the GtgE protein enables Salmonella to expand its host range
by interfering with detrimental aspects of lysosome-related
organelle biogenesis, and that for Typhi, the benefit of having a
functional Rab29 system to export typhoid toxin from the SCV
outweighs a potential host-range expansion that could result
from acquisition of GtgE.
Lysosomal Remodeling by Coxiella
Coxiella burnetii is an intracellular bacterial pathogen that causes
a zoonotic disease called Q-fever, which often presents as a
systemic self-limiting flu-like illness in humans (Maurin and
Raoult, 1999). One of the unique features of the pathogen-occu-
pied vacuole created byCoxiella is that this organelle is similar to
the lysosome (Voth and Heinzen, 2007). The Coxiella-containing
vacuole (CCV) has a low pH, contains lysosomal hydrolases, and
retains the capacity to degrade exogenous antigens that traffic
to this compartment. Additionally, vacuoles containing Coxiella
promote homotypic fusion with other lysosomes in the infected
cell, which disrupts normal lysosome dynamics (Howe et al.,
2003). Coxiella and Legionella are both g-proteobacteria classi-
fied under the order Legionellales (Roux et al., 1997). This evolu-
tionary relationship is reflected in a Dot/Icm type IVB secretion
system being essential for intracellular infection in both organ-
isms (Beare et al., 2011; Carey et al., 2011). Their intracellular life-
style differences are reflected in the divergence of effector
proteins encoded in their genome (Seshadri et al., 2003). Over
60 different effector proteins have been identified in Coxiella;
however, there is no evidence of functional overlap between
these proteins and effector proteins encoded by Legionella
(Carey et al., 2011; Chen et al., 2010; Lifshitz et al., 2013; Pan264 Cell Host & Microbe 14, September 11, 2013 ª2013 Elsevier Incet al., 2008a). Thus, the question of how Coxiella modulates
the dynamics of a lysosome-derived vacuole lies in understand-
ing the function of these novel effector proteins.
Early studies onmaturation of the CCV demonstrated a role for
the canonical endocytic regulators Rab5 and Rab7 (Bero´n et al.,
2002). Both proteins were recruited to the CCV, and interfering
with the function of these proteins interfered with the intracellular
replication of Coxiella (Romano et al., 2007). This indicates that
Coxiella travels to lysosomes along a standard endocytic route
(Figure 2). Roles for Rab5 and Rab7 were validated in an inde-
pendent genome-wide siRNA screen for host factors required
for Coxiella replication in HeLa cells (McDonough et al., 2013).
This study also demonstrated that the host retromer complex
is important forCoxiella replication. The retromer complex is nor-
mally recruited to endocytic organelles by Rab7 and is involved
in the retrieval of cargo from endosomes to the Golgi. This sug-
gests that Rab7 function may be important both for progression
of the CCV through the endocytic pathway and also for removing
proteins from the CCV that could potentially impede replication.
Importantly, when Rab5 or Rab7 function is disrupted prior to
Coxiella infection, there is a defect in translocation of effector
proteins by the type IV system (Newton et al., 2013). This is
consistent with other data suggesting that the Dot/Icm system
of Coxiella is not competent for delivering effector proteins into
host cells until the bacteria reach a low pH lysosome-derived
compartment. Thus, it seems unlikely that Coxiella requires
effector proteins to directly modulate the function of Rab5 or
Rab7 during early transport events in the host cell.
The proteins Rab1b and Rab24 have also been implicated as
being important for replication of Coxiella in mammalian host
cells (Campoy et al., 2011; Gutierrez et al., 2005). Rab24 and
Rab1 have both been shown to participate in a host cellular
process called autophagy. Rab1 has also been linked to bacte-
rial autophagy by a recent study showing that the protein VirA/
EspG from the intracellular pathogen Shigella flexneri functions
as a Rab1-specific GAP and prevents Shigella in the host cytosol
from being targeted for autophagy (Dong et al., 2012). Although
Rab1 and Rab24 were not identified in the genome-wide siRNA
screen as being important for intracellular replication of Coxiella,
localization of the protein LC3 to the CCV provides additional
evidence that autophagy could be important for biogenesis of
the pathogen-occupied vacuole (Gutierrez et al., 2005). Addi-
tionally, the siRNA screen identified syntaxin-17 as being a
host factor involved in the homotypic fusion of mature CCVs to
create a single organelle, which occurs in cells infected by mul-
tiple Coxiella (McDonough et al., 2013). Recently, syntaxin-17
was reported to be important for the process of autophagosome
biogenesis and fusion with lysosomes (Hamasaki et al., 2013;
Itakura et al., 2012). Thus, these data suggest that autophagy
may be involved in the phenomenon by which vacuoles contain-
ing Coxiella display unregulated homotypic fusion with other
lysosome-derived organelles in the cell.
Concluding Remarks
A more detailed understanding of the mechanisms intracellular
pathogens use to create specialized organelles for replication
has come from investigating the localization and function of
Rab GTPases. These studies have also provided unique insight
into normal cellular functions that Rab proteins govern and.
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tions are regulated in cells. For instance, investigating how the
Legionella protein DrrA can recruit Rab1 to the LCV opened
new avenues to investigate the mechanism by which Rab pro-
teins are recruited to specific organelles. Central to the Rab
recruitment process is the requirement for a cognate Rab GEF
to be localized to the membrane of an organelle that will receive
the soluble Rab protein bound to GDI. Genetic and biochemical
data, however, suggest that other determinants contribute to the
fidelity by which a Rab-GDI complex is recruited to cellular mem-
branes. Seminal studies by Zerial and colleagues established
that the C-terminal hypervariable regions in Rab proteins contain
important targeting information, and that these C-terminal re-
gions can be used to target chimeric Rab proteins to different
subcellular compartments (Chavrier et al., 1991; Stenmark
et al., 1994). Additionally, there are integral membrane proteins
such as Yip3 (PRA1) that have a biochemical activity that dis-
places GDI from GDP-bound Rab proteins (Sivars et al., 2003).
Finding that DrrA can recruit Rab1 to a noncanonical organelle
that should not have the intrinsic factors needed for Rab1 recruit-
ment, however, raised the question of whether a cognate GEF
could be sufficient for recruitment of Rab proteins to a cellular
organelle. In a series of elegant biochemical and cellular studies,
it was shown that the GEF domain of DrrA, when anchored to a
membrane, was sufficient to recruit Rab1 to an organelle that
should not have other intrinsic determinants that would facilitate
Rab1-specific localization (Blu¨mer et al., 2013). These studies
demonstrate convincingly that Rab recruitment can bemediated
by localization of a cognate GEF; however, this does not rule out
the importance of other factors in the complex dynamics of Rab
recruitment and retention of membrane-bound organelles.
Nonetheless, it highlights how pathogen-encoded proteins can
be used to study Rab GTPase functions.
From cell motility to vesicle transport, small GTPases play
central roles in coordinating many different processes in the
eukaryotic cell, which is likely why these proteins represent
attractive targets for microbial manipulation. Thus, it stands to
reason that bacterial pathogens evolved a variety of mecha-
nisms to manipulate Rab protein. It is intriguing that bacteria
display a variety of mechanisms to very precisely manipulate
the function of specific Rab proteins in a manner that benefits
the particular intracellular lifestyle of the pathogen. It is un-
known why some pathogens replicate in an ER-like vacuole
and others occupy an acidified endosomal compartment, but
it is likely that each strategy was shaped by host-pathogen
coevolution and the selective forces provided by the immune
surveillance mechanisms that different hosts use for pathogen
defense. Accordingly, the role of bacterial effectors that target
Rab proteins should be either to subvert the function-specific
Rab proteins that would promote establishment of a vacuole
and favor pathogen replication or to interfere with the function
of Rab proteins that direct membrane transport processes
detrimental to intracellular survival. Subversion of Rab1 by
Legionella and the destruction of Rab32 by Salmonella provide
examples of each strategy. For these reasons, future studies on
the mechanisms used by pathogens to control the function of
Rab proteins is certain to yield valuable information on how
these GTPases coordinate membrane transport processes in
both healthy and infected cells.CeREFERENCES
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